The fenvalerate pyrethroid insecticide was determined in various types of natural waters of Senegal by means of a newly-developed, simple, rapid and very sensitive photochemically-induced fluorescence (PIF) method. The PIF method was optimized with respect to the irradiation time, solvent and pH. The obtained calibration curves yielded correlation coefficients very close to unity. The limit of detection (LOD) and of quantification (LOQ) values were very low (LOD = 0.01-0.66 ng/ml and LOQ = 0.04-2.20 ng/ml, according to the solvent), and the relative standard deviation (RSD) values were small, ranging between 0.1 and 1.5 %, which indicated a very good analytical sensitivity and a great repeatability of PIF. Recovery studies were performed on spiked distilled water, tap water, sea water, well water, river water and draining water samples of Senegal, using the liquid-liquid extraction (LLE), solid phase extraction (SPE), and standard addition procedures. Satisfactory recovery results (about 85-121%) were obtained for the determination of fenvalerate in an aquatic environment.
INTRODUCTION
Fenvalerate is an insecticide that is widely used in the Senegalese "Niayes" region, an agricultural area located close to the north-western coast of Senegal. This molecule belongs to the pyrethroid chemical class and possesses two stereogenic centers due to the presence of two asymmetrical carbon atoms (Fig. 1) . Thus, four stereoisomers of fenvalerate can be distinguished: αS2R-, αR2S-, αR2R-, αS2S-configurations [1, 2] . The four stereoisomers can be divided into two enantiomeric groups: the trans-enantiomeric pair (αS, 2R-isomer and αR, 2S-isomer), also called X-fenvalerate, and the cis-enantiomeric pair (αR, 2R-isomer and αS, 2S-isomer), also called Yfenvalerate [1] . αS, 2S-fenvalerate (esfenvalerate) exhibits the strongest insecticidal activity. This stereoisomer is produced and marketed under the ISO common name esfenvalerate [3] . Fenvalerate is practically insoluble in water (2 μg/l) and its solubility in acetone, chloroform, ethanol, and methanol is > 500 g/l at 23 °C, and 134 g/l in hexane at 23 °C [4] . Three commercial formulations containing fenvalerate exist under the respective forms of emulsifiable concentrate, ultra-low volume and dry powder [5] .
Several analytical studies have been performed to assess the presence of fenvalerate in various matrices, including vegetables [6, 7] , fruit juice samples [8] and water [5, 9, 10] .
The most utilized analytical methods were high performance liquid chromatography (LC) and gas chromatography (GC). For instance, Martínez Galera et al. [11] simultaneously determined four pyrethroids, including fenvalerate, cypermethrin and cis-trans permethrin by HPLC in soil and groundwater samples, using the partial leastsquares (PLS-2) method. A solid-phase microextraction (SPME) analysis of seven pyrethroids, including fenvalerate, in groundwater samples was performed by LC combined with post-column photochemically-induced fluorimetry derivatization and fluorescence detection (SPME-LC-PIF-FD) [12] , yielding limits of quantification (LOQs), which varied between 0.03 and 0.075 µg l -1 , according to the compound. However, these chromatographic methods present several disadvantages: they are relatively difficult to optimize and utilize, they often need either important solvent volumes or time-consuming chemical derivatization reactions, and they are relatively expensive.
Also, several non-chromatographic methods, such as visible absorption spectrophotometry [13, 14] , flow injection-electrospray ionization-tandem mass spectrometry (FI-ESI-MS/MS) [15] , flow injection analysis (FIA) with photo-induced fluorescence (PIF) detection [16] [17] [18] , chemiluminescence (CL) [19, 20] , and voltammetry [21] have been proposed for the determination of fenvalerate and other pyrethroid pesticides. For example, Tamrakar et al. [14] found that their spectrophotometric method allowed fenvalerate and cypermethrin to be determined in the presence of each other (after hydrolysis), and was rather sensitive and free from interferences of a number of foreign species. The FIA system with PIF detection, developed in organic solvents or in a micellar medium (sodium dodecyl sulfate, SDS), was reported as a particularly robust, sensitive (with LOD values in the ng ml -1 range) and rapid (30-180 samples h -1 ) method for the determination of fenvalerate and other pyrethroid pesticides [16] [17] [18] . Moreover, a highly-selective CL sensor, based on double-sided hollow molecularly imprinted microspheres, allowed Zang et al. [19] to determine fenvalerate by a flow injection CL method, with a LOD of 2.2 × 10 -8 g ml -1 , and to apply this CL method to real samples with satisfactory results.
The goal of this paper was to develop a simple, robust and rapid photo-induced fluorescence (PIF) analytical method, allowing one to easily determine fenvalerate in stationary solutions, and to apply it to the assessment of fenvalerate in natural waters. Indeed, fenvalerate is not naturally fluorescent; however, fluorescent photoproducts can be obtained by UV irradiation. As reported in several previous studies of our research group, the PIF method is based on the photochemical transformation of naturally non-fluorescent pesticides into fluorescent photoproduct(s) under UV irradiation [22] [23] [24] [25] . In the present paper, we optimized our PIF method by fixing suitable excitation and emission wavelengths, and by investigating the effect of solvent and irradiation time on the fenvalerate PIF properties. We also established the analytical performances of the method. Moreover, to show the analytical usefulness of our PIF method, we applied it to the quantitative analysis of fenvalerate in spiked natural waters of Senegal, after liquid-liquid extraction, solid phase extraction and using the standard addition procedure.
EXPERIMENTAL

Chemicals and reagents
Stock standard solutions of fenvalerate (10 -3 M) were freshly prepared by dissolving fenvalerate (99%, PESTANAL ® , analytical standard, SigmaAldrich, Saint Quentin Fallavier, France) in acetonitrile. Solutions of NaOH (1.0 mol/l) and HCl (1.0 mol/l) were obtained by dissolving appropriate amounts of, respectively, sodium hydroxide (97%, m/m, Sigma-Aldrich Saint-Quentin Fallavier, France) and hydrochloric acid (37% m/v, SigmaAldrich Saint-Quentin Fallavier, France) in distilled water, which were used for serial dilution. All solvents, including acetonitrile, ethyl acetate, ethanol, dichloromethane, dimethyl sulfoxide, cyclohexane, dimethylformamide and methanol were of spectroscopic grade and were also obtained from Sigma-Aldrich (Saint-Quentin Fallavier, France).
Apparatus
All spectral measurements were performed at room temperature on a Varian Cary Eclipse Fluorescence Spectrophotometer, interfaced with a computer. Here, 1-cm path length standard quartz fluorescence cells (Labo Moderne, France) were used for the fluorescence measurements, and a 20-1000 µl Pipetman micropipette (Gilson, France) was utilized for the dilutions. All analytical measurements were carried out under the same conditions of apparatus sensitivity, with excitation/emission slit widths = 10/10 nm.
For the photolysis reactions, the photochemical set-up included a light box consisting of a fan, an Osram 200W HBO high-pressure mercury lamp, powered with an Oriel Model 8500 power supply, and a quartz lens. During photolysis, the quartz fluorescence cell was placed on an optical bench 40 cm from the mercury lamp.
Methods and procedures
Preparation of solutions
Here, 10 -3 M (420 μg/ml) stock standard solutions of fenvalerate were freshly prepared by exactly weighting and dissolving the insecticide in acetonitrile.
The working standard solutions (concentrations in the range: 0.4-120.0 ng/ml) were obtained by diluting the fenvalerate stock standard solution in the appropriate solvent or binary mixture. All solutions were protected against light with aluminum foil to avoid any decomposition and stored in a refrigerator.
Photolysis reaction and PIF analytical measurements
Photolysis reactions were performed by irradiating with UV light 3.5-ml volumes of the fenvalerate working standard solutions for fixed periods of time at room temperature. Then, the PIF spectra were recorded at a scanning speed of 500 nm/min. Curves of fluorescence intensity versus UV irradiation time were constructed at 1-min intervals, using the fenvalerate photoproduct constant excitation (λ ex ) and emission (λ em ) analytical wavelengths (see the irradiation time, λ ex and λ em values in Table 1 ). The statistical analysis of data was performed with OriginPro 8.5.1 software.
Preparation of spiked water samples and standard addition procedure
Water samples were collected in 1.5 liters amber glass bottles from natural waters (well, river, sea, and draining waters), located within the agricultural Niayes area. All samples were filtered by means of a syringe filter PTFE membrane (diameter 25 mm; pore size 0.2 μm -Sigma-Aldrich) in order to remove any suspended organic matter. For this, 10-ml volumes of natural water samples were spiked in flasks with known fenvalerate concentrations (range: 5.0-70.0 ng/ml), included in the linear dynamic range of the calibration curves.
The standard addition procedure was performed, using the PIF method, as follows: eleven aliquots of 1.0-ml portions of filtered natural water samples were initially spiked only one time with an appropriate volume (5 μl) of fenvalerate stock standard acetonitrile solution. Then, these spiked aliquots of 1.0-ml portions of water samples were introduced into precision flasks, and increasing concentrations of fenvalerate working standard solutions (from 0.0 to 84.0 ng/ml) were added to these flasks. After irradiation, the PIF signal was measured, and the fenvalerate concentration was determined by means of the calibration graph.
Liquid-liquid extraction (LLE) and solid phase extraction (SPE) procedures
In order to determine fenvalerate in the spiked natural water samples, we used the liquidliquid extraction (LLE) and the solid phase extraction (SPE) procedures.
The LLE procedure was performed with dichloromethane and ethyl acetate. A 10-ml portion of spiked natural water sample containing 32.2 ng/ml of fenvalerate was transferred into a 250 ml separating funnel and extracted three times with 10 ml of the extraction solvent, and then gently evaporated down to a 10-ml volume. A 1-min optimum irradiation time value was used for irradiating this solution, the PIF intensity was measured and compared to the standard calibration curve, in order to determine the fenvalerate concentration.
The SPE procedure was carried out using a reverse-phase C 18 cartridge with two elution solvents (MeCN or DMF). First, we conditioned the cartridge with 5 ml of elution solvent, which allowed it to remain wet. Then, we loaded this cartridge with 5 ml of a spiked natural water sample, containing either 25 ng/ml of fenvalerate in the case of MeCN or 20 ng/ml of DMF. Afterwards, the retained sample, spiked with fenvalerate, was eluted using 4 ml of MeCN or DMF.
RESULTS AND DISCUSSION
Photochemical reactivity and PIF properties of fenvalerate
As mentioned above, fenvalerate exhibited no native fluorescence, while its UV irradiation yielded the formation of fluorescent photoproduct(s) in all media under study. The absence of native fluorescence of fenvalerate might be due, at least partially, to the following factors, inherent to its molecular structure ( Fig.1): (i) the important flexibility of the molecule, with an obvious lack of rigidity, and therefore a tendency to be deactivated by thermal relaxation processes (collisions, etc.); (ii) the intramolecular heavy atom effect of the chlorine substituents, located on one of the aromatic rings of this molecule, which generally produces a strong decrease of the fluorescence quantum yield. Therefore, the formed fluorescent photoproduct might result from a dechlorination photochemical reaction of fenvalerate [26] .
When submitting fenvalerate solutions to UV irradiation in our experimental conditions, we observed the appearance of PIF signal characterizing the formed photoproduct(s). We investigated the PIF behavior of fenvalerate in several solvents of strongly different polarities, including cyclohexane, dichloromethane, ethyl acetate, ethanol, methanol, acetonitrile, DMF, DMSO, water, and 50:50 (v/v) binary mixtures, including EtOH-H 2 O, MeOH-H 2 O, MeCN-H 2 O, DMF-H 2 O, and DMSO-H 2 O. The results concerning the fenvalerate PIF spectral and photochemical properties (λ ex , λ em , PIF intensity and optimal irradiation time) in these different media are reported in Table 1 . As can be seen, these spectral and photochemical parameters were found to vary more or less importantly with the medium.
The shape of the PIF excitation and emission spectra was practically the same in all media, with a single, rather wide band. The PIF excitation maximum wavelengths were located between 278 and 287 nm, whereas the emission maximum wave-lengths occurred in the range 321-336 nm, according to the solvent (Fig. 2 and Table 1 ). Therefore, taking into account the important changes of solvent polarity, we can consider that the λ ex and λ em , values only weakly varied with the polarity of the medium. Also, the shape of the PIF spectra and the λ ex and λ em , values did not change, irrespective of the fenvalerate initial concentration. In all media under study, we observed an increase of the PIF signal with the irradiation time. However, it is important to point out that the curves of variation of the PIF intensity (I PIF ) vs. the irradiation time (t irr ) exhibited two different types of kinetic behaviors according to the solvent and/or mixture, which very probably indicated the existence of two distinct photodegradation reaction mechanisms (Fig. 3) .
In the first type of kinetic behavior, the fenvalerate PIF signal strongly and rapidly increased with the irradiation time to reach a maximum value, corresponding to the optimal irradiation time, and then the PIF intensity decreased less rapidly (Fig. 3, curves (a) and (d) , recorded in DMSO and cyclohexane, respectively). We can schematize the simplified two-step mechanism of the fenvalerate photodegradation as follows:
FENV + hν → P 1 →P 2 with FENV = fenvalerate, and P 1 and P 2 = fenvalerate photoproducts.
In the second type of behavior, the fenvalerate PIF signal more progressively increased with the irradiation time and, then stabilized in a plateau region, where it remained nearly constant (Fig. 3 , curves (b) and (c), obtained in methanol and ethanol, respectively). In this case, no optimal irradiation time value could be defined. The simplified mechanism can be schematized as follows:
FENV + hν ⇌ P 1 ⇌ P 3 with P 1 and P 3 = fenvalerate photoproducts.
These two distinct types of mechanism clearly show that at least one very fluorescent photoproduct is formed when the initial fenvalerate insecticide molecule is irradiated. In mechanism 1, the first fluorescent photoproduct (P 1 ) would be progressively transformed into a second, nonfluorescent (or weakly fluorescent) photoproduct (P 2 ), whereas in mechanism 2, the fluorescent photoproduct P 1 would reach a quasi-equilibrium state either with the initial herbicide molecule or, more probably, with a third, fluorescent photoproduct (P 3 ). 
Development and optimization of the PIF analytical method
In order to develop and optimize the PIF method for the determination of fenvalerate, we investigated the effect of the above-mentioned pure solvents and 50:50 (v/v) binary mixtures, on the fenvalerate PIF properties. The λ ex and λ em values changed very little with the medium, as already stated. In contrast, the optimum UV irradiation time (
) and the normalized relative PIF inten- From the analytical standpoint, in order to optimize the rapidity and sensitivity of PIF methods for the determination of fenvalerate, we decided to select pure organic solvents giving the shortest optimum irradiation times and the highest PIF signal values. In these conditions, the most suitable media were four aprotic solvents, namely ethyl acetate, DMF, dichloromethane, and acetonitrile, which yielded very short values (1 min) with relatively high I PIF values (Table 1 ).
Analytical figures of merit
Using the above-defined optimized analytical conditions, we evaluated the analytical figures of merit of fenvalerate in the selected solvents, including ethyl acetate, DMF, dichloromethane, and acetonitrile, which are reported in Table 2 . All PIF analytical measurements were performed in triplicate for each concentration and in each solvent.
Linear calibration curves of PIF intensity vs. fenvalerate concentration were drawn at the analytical λ ex and λ em values by measuring the PIF height signal corresponding to the optimum irradiation time (Table 1) . These calibrations curves were obtained over a linear dynamic range (LDR) of about one to two orders of magnitude according to the solvent (from 6.0-76 ng/ml in DMF to 0.5-114 ng/ml in acetonitrile), with correlation coefficient values very close to unity (r 2 = 0.999), which indicates a good linearity of the PIF analytical curves. The limits of detection (LOD) values were calculated on the basis of a fenvalerate concentration giving a signal-to-noise ratio (S/N) of 3 (IUPAC criterion). As can be seen in Table 2 , the LODs significantly varied with the solvent, ranging from very low values of 0.01 and 0.02 ng/ml in dichloromethane and acetonitrile, respectively, to a higher value of 0.66 ng/ml in DMF. The limits of quantification (LOQ) values were calculated for an S/N ratio of 10 (IUPAC criterion), and ranged from low values of 0.04 and 0.06 ng/ml in dichloromethane and in acetonitrile, respectively, to a higher value of 2.20 ng/ml in DMF. The reproducibility of measurements, evaluated during five days with freshly-prepared solutions, was satisfactory, as shown by the small relative standard deviation (RSD) values ranging from 0.1 to 1.5%. a LDR = linear dynamic range. b LOD = limit of detection, defined as the amount of analyte giving a signal-to-noise ratio of 3. c LOQ = limit of quantification, defined as the amount of analyte giving a signal-to-noise ratio of 10. d r 2 = correlation coefficient; e RSD = relative standard deviation (n = 6).
T a b l e 2
Analytical figures of merit for the PIF determination of fenvalerate
Our analytical results indicate that the PIF method for the analysis of fenvalerate in organic solvents, such as dichloromethane and acetonitrile, is extremely sensitive. Indeed, the LOD and LOQ values obtained for fenvalerate with our PIF method were much lower than or close to those found by several authors, using LC with UV-visible photodiode array detection [11] , photochemical spectrofluorimetry in acetonitrile solution (LOD = 8.7 ng/ml) [27] , PIF in sodium dodecyl sulfate (SDS) micellar medium (LOD = 7 ng/ml) [26] , PIF-flow injection analysis (PIF-FIA) (LOD = 4 ng) [16] , and PIF-FIA in SDS (LOD = 1.05 μg/ml) [18] . On the other hand, our LOD and LOQ values for fenvalerate were higher than those obtained by some other chromatographic methods, such as solid-phase microextraction coupled with LC and post-column PIF derivatization and fluorescence detection (SPME-LC-PIF-FD) (LOD = 0.007 ng/ml) [12] .
Analytical applications to the determination of fenvalerate in the aquatic environment
To estimate the applicability of our PIF method to the determination of fenvalerate residues in tap and distilled water, and natural water samples (draining, sea, river and well waters, see Table  3 ), we performed recovery experiments on these water samples, which were spiked and analyzed as described in the Experimental Part. Fenvalerate was determined in spiked distilled water, tap water and natural water samples (draining, river and well waters) by means of the direct addition procedure, after using either liquid-liquid extraction (LLE) or solid phase extraction (SPE), procedures which are described in detail in the Experimental Part. The standard addition procedure was only utilized for the sea water samples. The physicochemical properties of the various natural water samples are presented in Table 3 . As can be seen, these properties significantly changed with the type of water sample. For example, the physicochemical properties of sea water samples were characterized by dissolved organic carbon (NPOC, in ng/ml), conductivity (ϭ, in S/m) and pH values much higher than those of the other water samples. In addition, for most water samples (especially, for tap water, well water and sea water), the ϭ values seemed to increase with the pH of medium. a NPOC (ng/ml) = dissolved organic carbon, corresponding to the non-purgeable organic carbon (NPOC) present in natural waters, was calculated from the equation: NPOC = TOC -POC, with TOC = total organic carbon and POC = purgeable organic carbon. b σ (S/m) = water sample electrical conductivity.
T a b l e 3
Analytical application and recovery determination after LLE
The fenvalerate concentration and recovery values obtained after LLE are presented in Table 4 for the different water samples under study.
The recovery values, obtained for fenvalerate in distilled, tap and river water, using dichloromethane and ethyl acetate as extraction solvents, were acceptable, ranging from about 87 to 121 %. However, the fenvalerate determination in well water, draining water and sea water samples was not feasible, probably because of high matrix interferences in these samples. Therefore, we decide to apply a different, more suitable extraction procedure, namely the solid phase extraction. 
T a b l e 4
Analytical application and recovery determination after SPE
The SPE procedure was found to be more efficient than the LLE one, since it was able to correctly extract fenvalerate in the different natural water samples, whatever were their physicochemical properties (Table 3) . Except in the case of sea water, the results obtained for the different natural water samples were rather satisfactory. Indeed, with the exception of sea water, the recovery values were between 88 and 119% for MeCN as the elution solvent, and between 85 and 98% in the case of DMF (Table 5 ). The too high recovery value obtained in sea water (137.4%), using MeCN as the elution solvent, was attributed to matrix interferences resulting from the higher values of dissolved organic carbon, conductivity and pH observed for this type of water sample. For this reason, we chose instead to use the standard addition procedure for the determination of fenvalerate in sea water. 
T a b l e 5
Analytical application and recovery determination using standard addition procedure
We utilized the standard addition procedure to determine fenvalerate in spiked sea water samples. Figure 4 shows the obtained calibration and standard addition curves. As can be seen, the slopes are very close, which demonstrates the absence of any significant interference from the matrix. The recovery values ranged from 99.8 to 112.3% (Table 6 ). In most instances, the accuracy was satisfactory for sea water samples. 
CONCLUSIONS
We have shown the potential analytical usefulness of the solvent effect for improving the sensitivity of the PIF method for determining fenvalerate in natural water samples. We have obtained good analytical figures of merit, which can permit the detection and quantification of fenvalerate in the 0.5-110 ng ml -1 range in aquatic environments. Our PIF method also compares favorably in terms of simplicity, rapidity and sensitivity with analytical results found by other, more expensive, timeconsuming and sophisticated methods, such as LC and GC [11] . The analytical applications to the determination of fenvalerate in spiked natural waters of Senegal have also led to satisfactory recovery values.
